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A_

the sixteen m_1_h period October 13, 1959 to

Februsr7 17, 1961, %wenty-_ne distinct solar cosmic ray

events were observed with Ezplcrer VII (earth satellite 1959

Iota) at high latitudes over North _erica and Australia in

the altitude _ 550 to ii00 Era. A brief tabular su_mry is

as folluws •

TABLE I

C_Ic _ays_rved by E_Icrer Vli

Nc_ber 9, 1959

November 30--

December 2, 1959

_anuary II-1_, 1960

March 18-20, 1960

Aprll 1-2, 1960

April 5-6, 1960

A_r11 28-29, 196o

A_ril 29-30, 1960

_y 4-5,196o

_v6, Z96o

M_V 7-8,1960

May 13-Z_, 1960

May 18, 196o

May 26, 1960

June 1-2, 1960

Appruxlmate Absolute Peak
Omnidirectional Intensity

of Pro_ _ _ _ 39 _v

0.3

2

0.3

210

5

z6_

18

13

z5

_0

0.8

0.8

5

3
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Dgte_ of Event

June 4, 1960

August 12-16, 1960

September 3-9, 1960

November 12-15, 1960

November 15-19, 1960

November 20-26, 1960

TABLE I (continued)

Approximate Absolute Peak.

Omnidirectional Intensity

of Protons Raving E > 30. MeV

1.3

2

25O

12,000 to 46,000

ll,OO0

1,800

*'Primarypeak was-=issed by Explor'r VII.

It is found that the time decay of intensity from its

peak value can be represented by t "s, where t is measured from
==

the onset of the apparently responsible solar flare and the

value of the exponent s for several cases is as follows:

3.5 for April 28-29; 1.2 for May 4-5; 2.8 for May 13-14;

2.6 for September 3-9; 2 for November 12-15; and 3.4 for

November 15-19, 1960.

The latitude dependence of solar cosmic ray intensity at

various longitudes and for both Northern and Southern Hemispheres

has been studied for_of the major events which yielded

sufficient data for definitive analysis. Such bodies of data

exhibit a chaotic pattern when plotted against traditional

geomagnetic cut offs such as those of Quenby and Webber but

4
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are systematized in a coherent manner when plotted against the

magnetic shell parameter L of Mcllwain.

L1in, the minimum value attained by 30 MeV protons, is

strongly and systematically depressed during the main p_se of

gecsmgnetic sturms. The correlatic_ coefficient between _in

and U is -0.88 and between _ and H is _0,88, where U is the

Eertz parameter which gives a measure of the equatorial ring

current and H is the horizontal cumpo_ent of the geomagnetic

field (at Tucson). The observed _ of 5.2 during quiet

periods implies the existence of a quiescent ring current.



Partl

SOIAR COSMIC RAYS WI__ ,_[PLOREP.V_I

_nis p_ _rovides a summary of so_ar cosmic ray intensity

obsorvatic_s at high latitudes over North America and Australia

in the altitude rance 550 to IiOO km during the period October 13,

I_$9 to F_.bruary 17, !961. Dat_ are derived mainly from telemetry

receptions at io_a _.ty, !o_; O_tm_a, Oana_; and the Nt_qA

stations at Blossom Point, Ms_; San Diego, Cc_llfcautia; and

Woc_era s Aus_. The observations w_re made with an apparatus

co_xrising two @_iger-Mne!!er tt_e_ pre_ in this _tory

by LudWig and Whalpley _ and flc_m in the I,G.Y.-Cc_posite

Sa_ellite Explorer VII (1959 Iota) which was developed by the

U. S. Army Ballistic Missile A@_ncy (now the George C. Marshall

Space Flight Center of the National Aeronautlcs and Space

_mlnistration). The successful, lo_g-berm Ol_n_ttion of this

e_ui_t in orbit has provided unique, homogeneous set of

observations on solar cosmic rays by the satellite technique

by

Sat_S_lite observations excel tho_e by other c_z_ly used

techniques in providing absolute intensities above the

atmosphere; detailed dependence of intensity c_ latitude; a_d

6



homogeneous quasl-ccnt_nuc_s data for l_g 1_rlcds of time wlth

a single set of instruments.

Table I provides a brief tabular _ of solar cosmic ....

ray events observed by Explorer VII during the obs_n_ti_nal

period and Table II reviews the px_perties _ the two Geiger

tube detectars in the instrumant _an Allen and Ltn, 19_.

NO analysis o_ the solar cosmic ray beam into its cc_l_onents

(i.e., protons, alpha particles, heavy nuclei, and electrons)

is provided by this equipment. _he presu_ti_ of the present

paper that the beam c_sists predominantly of pro_s is based

on the extensive work of other investi6_tors, not detailed herein.

2. Ana_sis of _servaticns.

_e method of analyzing data is similar to that pre-

viously r_p_ _an Allan and L_n, 19_. since then it has

been found by examination of counting rate data under high

intensity conditions during the Nov_er 1960 solar cosmic

ray events and durin6 passages thr_ the inner radiation

zone that the _pparent counting rate of the 112 Ceiger-M_eller

tube saturated at a considerably lower value than that found

_y _d_ig and _ley _ in _re-_l_ghtca_b_ti_.

The apparent c_unting rate of the 302 tube also saturated at

a l_r value. Because the 302 tube h_s a considerably smaller

gecmetric factor than that of the 112 tube, end because the

V
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additional shielding of the 112 tube has little effect in

absorbing the radiation encountered in the lower edge of the

inner radiation zone near the equator, it was possible to

construct an apprazlmate curve af apparent rate vs true rate

of the 112 tube by using in-flight data,

_is curve was then checked and refined by an extended

study of the characteristics of the spare flight unit of

E_plorer VII apparatus. The Is_-_meters which influence the

saturatiQn characteristics of the two counting rates are the

temperature, the supply voltage to the amplifiers, pulse

formers,an_ scalars(nc_tnalvalue6,5v), and separa_

the high voltage supply voltage for the tubes (nominal 700 v).

Same sa_le results on the spare payload are as follows :

._C_ult V_t_e.
Saturatio_ Count-

ing Rate of !12 Tube

(a) _.o5volts 63ovolts 3o5 counts/_

(b) 5.35 6so 385

(c) 5.20 6_o 515

(d) 6.00 700 930

Full characteristic curves of apparent vs true counting rate

were run for each o_ the above conditions to correspond to

various flight co_itions as shown in Figure I.

'_.e saturation countlng rate of the 112 tube, as observed

during r_ssages through the inner radiati_ zone, has been

plotted vs time from the day of isunching of the satellite

9



to the end o_ December 1960 _ and Venkatesau, Private

Cummunicatlon, 19_.

The time varlatlcn of the saturati_ cc_u_lag rate is

well correlated with the time varlatiQn of the (independen+_ly

telemetered) _tures of the tran_itter package and the

battery package in the satellite. The latter quantities are,

in turn, w_ll correlated with the calculated average _sure

to sunlight. _be fca_going three-fold correlatio_ lends

p_Sib_ty to the belief that the observed icing-term

variations of saturatio_ counting rate of the 1/2 as well as

the diurnal fluctuations (typically same 60 cc_uts/sec

• _ to minimum fluctuation about a mean value of about

300 counts/sec) are attributable to the composite effects af

temperature and of varying state-of-charge of the

chemical batteries which are charged by an array of solar cells.

It should be emphasized that if the apparent counting

rate of the 112 is below i00 counts/sec, the t_A..uecounting

rate has _ a slight dependence an the saturation

c =  t rlst±csof the if it is 50 co nts/ c,

it has no dependence (cf., Figure I)° _hus, most of the data

of the present paper are independent of the foregoing un-

certainties. Only the high counting rate data of early April,

early September, and mid-Nov_nber 1960 have required special

treatment. In these cases a selectic_ 8_m_g the curves of
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Figure 1 has been made on the b_sls of contiguous passes

the inner z_me near the equatc_. In some cases, e_., the

November events, data from the 302 tube (which had a much

higher saturation level) have been invoked ° But most of the

results herein are based on the corrected _ounting rates of

the 112. Previously published absolute inf_usities for the

April i_ 1960 event are corrected in the present paper.

_e best estimates of the solar (and _Isc_ic) co_Ic

ray intensity are obtsd_ed from observations during the

portlons of the satelllte's orbit which are at the highest

geuma6netic latitudes or more precisely at the highest values

of the L parameter. (See McIlwain s 1961, and Van ALlen, 1962,

for definition and dlscussi_ of the L parameter.) In this

way counting rates having the smallest possible c_trlbutlon

from trapped particles in the outer radiation zone are

obtained. To obtain the net countln_ rate due to the

penetr_tlng particles (i.e., cosmic rays, in contrast to

the sof_ trapped radiation) the following procedure was used_

(a) A large body of Observations of the apparent counting

rates of the 112 tube, NIL?.' and of the apparent counting

rate of the 302 tube, _02' were assembled for quiescent

(non-solar event) conditions and for the highest available

latitudes.

('b) TO the extent _eeeseary these dais were corrected for

dead time to yield the respective true rotes _ and _02

!I
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(N_o2 = N302 if N302 _ I000 counts/sec). For data shown in

Figure 2, the dead time corrections were trivial.

(c) A plot shown _m Figure 2 was then made of N_2 vs N_2.

From this plot it is seen that N_l2 is a linear function of

2 thatas 2  ero,N.n2approaches14.2counts/sec.

Since the ratio of geometric factors (cf. Table II) for penetrating

particles, i.e., ordinary cosmic rays, is 13.3, and N_l 2 = 14.2

corresponds to N_O 2 = 1.08. Hence, the intercept at

N_O 2 - 1.OB i_ taken as the rate of the ll2 tube, due to

galactic Cosmic rays and their charged particle albedo from

the atmosphere.

or

The equation of the curve for Figure 2 is:

14.2 + 0.119 N'?02

12

N_l 2 -- 14.2 = 0.119.

N_02

This ratio is similar to that usually observed in the high-

intensity soft radiation region of the outer radiation zone,

thus further supporting the belief that Figure 2 can be used

reliably in subtracting the contribution of soft radiation to

the rate of ll2 tube. It is evident from the latitude depen-

dence of the counting rates of the two tubes that the time-

varying outer boundary of the outer radiation zone is the

principal cause of the variation of the counting rates at high
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latitudes. _e use of Figure 2 makes it possible to increase

considerably the sensitivity far the reliable detecti_ of solar

cosec rays. When_OZ is lees _ say 100 counts/see, one

can mea_e an Intensltyof solar co_c rays as low as

2 particles (cm 2 sec)'l; in special cases (cf. Table I), it

has been possible to extend the sensitivity doom to

0.2(=2

Three examples o_ the analysis of observations in the

above manner follow:

(a) In the pass which c_ared from 0718 to 0736 U.T.

November 18, i_9, shown in Fi_ 3, the positi_ of observ_ti_

was chosen at 0729.5 U.T. at which the satellite reached the

highest latitude. _02' the apparent counting rate of the

30_ tube, is 17 c_Auts/sec; and NIl2' the apparent counting

rate of the 112 tube, at the same time, is 16 counts/sec.

the curve of apparent counting vs true counting rate for

the 112 tube shown in Figure I, _e finds the true countin_

rate _L12' c°rz_sD°_i_ to _ = 16 is also 16. By Pi_u_ 2

and the above discussion, the estimated cont_bution of s_

tz_pped radiati_ in the outer edge of the outer radiation

zone to the eountlng rate of the 112 tube is:

,, . 0.=9 =

•he net true counting rate due to cosmic radiati_ is taken to be:

13
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(b) In _ _ss _ c_ _ e3_7 on _ 27, 196o

_o 0oo5 u._. o, _ follov_ _ (_ 4) t_ t_ oc

obsarvmtica was chosen at 2355 U.T. when NIl2 = _ = i_

and _o2 = _" The correcti_ term _12 is less than

0.5 cc_nt/sec; therefore, it was neglected but was included

in the error; thus we have:

= i_.o_+i.oc_ts/sec.

(c) on Aprll eS, 196o (Y_ 5) in the pass wh/ch eo_r_

from 2323 to 23_2 U.T. (after the flare on April 28), the time

of observatlo_ was taken at 2332 U.T. _en _02 = 12 and

= 72 counts/sec. Dur_ the period of Z7-30 April the

inner radiation zone data showed that the saturation counting

rate of the 112 tube during this period was between 250 to

320 counts/sec; thus a fairly dependable corrected value

_12 may be read from curve (a) in Figure 1 as

_ 95_nts/see, _ a _ = 0.n9 x _ --i._c_nt_/_.

Thus _ _ 94 + 10 co_t,s/sec. _he error estimate Is

intended to r_present the ov_ uncertainty in the correction

procedure. During large solar co_ic ray events there is an

important (and sometimes d_z[nant) contrlbuti_ to _02 due to

solar comnic rays. Fortunately, in such cases there is usl,al.ly

• ;/4



an acc_ depleti(x_ of the outer radiatio_ zone _an Allen

and Lin, I_ such that the correction for trapped radiati_

may be negligible. In solar cosmic ray events of intermediate

size, say 20 times galactic cosmic ray intensity, when _ _i_

is not negligible cu=pared to _ the final value uf _ is

determined by a two stage iteration process, i.e., by first

and the relative geanetric factor of the 112 tube and 302 tube

to estimate the penetrating cantribution to _02' and finally

Figure o again to get an improved Z_ _ snd thereby an

An estimate of the overall uncertainty of each _ _s

made on the following basis:

(a) _he fluctuations of _ near the observation point and

the basic statistical uncertainty;

(b) The uncertainty attendant on the use of a selected curve

of Figure i in correcting for system dead time to obtain _12;

and

(c) The uncertainty in subtracting the contribution of soft

trapped radiation by means of Figure 2 to obtain finally the

true, net counting rate due to penetrating particles N_.

There remains, potentially, a systematic error in the

results due to the time-variable aspect of the equil_nent with

respect to earth-fixed coordinates. The S.U.I. package was
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mounted on the extreme forward end of the payload with about

70% of the solid angle at the Geiger tubes lightly shielded

(cf. Table II) and the remaining 30% heavily shielded by the

bulk of the payload. The axes of the Geiger tubes were

orthogonal to the spin axis of the payload. The payload had

an in-flight spin rate of about 6 cycles/sec (slowly damped)

and the forward drawn axis pierced the celestial s_here at

right ascension (303 + 5) °, a declination + (30 + 5)°q-for at

least the first two months of its flight _aumann, 1962__ and

probably for a much longer period.

If solar cosmic rays arrive near the earth in sharply

directional beams, the resulting counting rates would be ex-

pected to vary markedly with longitude and to be markedly

different over the Northern and Southern Hemispheres of the

earth on contiguous passes due to the shadowing of the

detectors of the bulk of the payload (average of some fifteen

grams/cm2). No such effects have been apparent thoughthe

matter has not been studied exhaustively. It is tentatively

concluded that this matter does not lead to significant errors,

a conclusion which is strengthened by the observations by

others in the broad angular distribution of low energy solar

cosmic rays near the earth _-_ilvie, Bryant, and Davis, 196_.

i b
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Duringthe sixteenmonths of observationvalues of

athlgh latitudes have been obtained for over I000 passes (both

Northern and Southern Hemispheres) and T_bulated in detail

_In# 19_. The vast majority of these values cluster about a

mean of 14.5 counts/sec, corresponding to an umnidirectic_

intensity Jo = 2.0 perticles/cm 2 sec. This intensity is inter-

preted as that of galactic cosmic rays and their cherged-_rticle

albedo arising in atmospheric interactions. A separate dis-

cussion of the observaticns of galactic cosmic rays as a

function of latitude and of time is contained in a separate

paper,

The occurrence of solar cosmic rays is revealed by the

positive departure of N_*II2 at high latitudes fram its mean

quiescent value there and, in favorable cases, by the latitude

dependence of this departure. The highest geographic latitude

reached by Explorer VII is 50.5 _, corresponding to a geomagnetic

latitude of about 61 ° over North America. It is conceivable

that further solar cosmic ray events might have been detected at

higher latitudes. But comparison of Table I herein with the

listing of PCA events by Bailey /_9__7 shows (a) that

Explorer VII technique is a more sensitive one for the detection

of solar cosmic events than is the present VEF ionospheric

scatter technique on a propagation path across the polar caps

17
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and (b) that perhaps o_Ay the '_y _" eventsre_ by

BaAley _ _9-30 March 1960 rare isaceesslbleto EzplorerVll

the period of its obsermatioas.

Fi6mu_s 3 emd 4 are representative plots of observBticm_

cm days when solar cosmic rays are absent; a_d F!gures 5 and 6,

when they are present.

A brief account of Explorer VII observations of solar cosmic

rays and auxiliary data follows :

first case _ the obcervat_cu pe_od c_'_E_plurer. VII

that _ exceeded20 cou_ts/sec_ _ lO51 U.T, on

November 9, 1959 during the pass which covered the period,

_ass, -,,_leb c_ the p_ 123o U,T. to L_40 U.T;

on the same day, the counting rate curves of both the 112 "and

the 30_ tubes exhibited simultaneous bumps in the high latitude

portion of their cc_nt_ rate vs time curves in the r_on '"

where both curves u_ exhibit valleys. _ bumps were

narrower than those for usual solar cosmic ray cases, and hence

indicate an unusually high latitude threshold or an unusually

so_t spectrum. At the highest value of latitude _02 = 107

Hence the radiatlcn being detected was considerably harder than

!8
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typical outer zone radiatic_ but considerably softer than that in

a typical solar cosmic ray event. After subtracting the cc_tri-

butlca of _lactlc cosmic rays (14._ ccv_ts/sec),a net intensity

of lO (cm2 sec)"I is found from the 112 tube data at the highest

latitude (longitude -9_.8 °, latitude _9.3 °, altitude 633_I km)

at 123_.7 U.T., ca the assumption that the particles being counted

are directly penetrating ones, i.e._ protons Of E > 30 MeV.

The latitude dependence leaves little doubt that the primary

radlatic_ must ccmsist of charged particles t though, as ramark_d

above, the E_plorer VII data do not determine the nature of the

particles.

Nowm1_r 30-I_cember 2, 19_9.

Explorer VII data showed an increased counting rate of

about 10% to 3O% above normal cosmicray lutens_tybeglnnlng

early on November 30 and continuing through early December 2.

The intensity had returned to normal by late December 2. D_

the periud 2300 ca December 3 to about 0330 U.T. ca Dece_er

a Forbuah decrease of about 20% was observed with a gradual

recovary to normal by December 7.

The optical flare of importance 3 which may be responsible

for the solar cosmic rays was observed at Sacramento Peak ca

November 30 beginning at 1722 U.T. and ending at 1904 U.T. at

locatica H08E06 _tl. Bur. Standards, U.S., 19_.

19
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.i

At the ground observatory at Deep River _tl. Bur.

S_s, U.S., 19_ the neutro_ moniSor showed no significant

increase of intensity during the period in which Erplcrer VII

observed the _ncreasee. The onset uf the Furbush decrease was

observed there at about 0000 hour U.T. on December 3. The

maximum decrease uf abaft 5% was observed about 2_ hours later.

Rec_ex_j was substantially complete by early December 7. This

time history Qf the Fo_oush decrease was in good a_t _rith

what E_pl_er VII observed although the omset of the Fcrbush

decrease was not clearly defined by _plcrer VII data.

8).

At 2040 U.T. _ January 11, 1960 the beginni_ of an optical

flare uf importance 3 at the location I_3E03 was observed at the

IEckheed Observatory. _he end was at _355 U.T. _tl. Bur.

Standards, U.S., 19_.

E_lorer VII data showed that during the middle of

jsnuary 10, after the storm sudden c_enc_nent (SSC) at about

060o U.T. on January 10 k_ was 14 + I (normal co_c ray

value). During the middle of January Ii, before the above

solar flare of January ii was observed, _[2 was about

17.5 + 2.0, possibly sunewhat increased. By the middle of

January 12, N_[2 _s 27, corresponding to an excess particle

intensity c_ 2 (_n2 sec)"1. _ereafter, the lutenslty decreased

gradually and was back to normal by abc_t the middle of

2O
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January 15. There was no increase in intensity observed by the

B21! Deep River Neutrca Monitor, but a _% to 5% Forbush decrmase

was recorded during January 14 to 19, with the oaset at about

1900 U.T. ca January 13, at about the same time as a g_]_agnetic

storm sudden cu_nencement. This Forbuah decrease was not

observed by _z.plorer VII, possibly because it was marked by l_r

energy solar particles.

z 20, 196o.

increased by lO to 20 percent above the normal co_mic•

ray value during this period, be increase, which does appear to

be significant, _s not been identified with amy other reported

phenunenon.

A report ca these events has been given prevlc_sly

/_an Allen and Lin, 196_, including the report of a 24 percent

F_rbush decrease during the early morning of April I.

An imp_ estimate of the m_xlmum intensity on April i

has been made with the help of the set Of laboratory curves

(Part 1-2 and Figure i) of apparent rate Vs true rate of the

112 tube. The choice among the family of curves to be used _s

made by finding the flight saturation value of the 112 tube in

nearly inner radiation zcae passes at a similar local time. The

saturation value adopted was 3_O counts/sec.

21
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msultlmg value at'_ at i023 U.T. _ April 1

160o _xm_/sec, _s r_!ds

_o " _o + so(_ _)'z

far the _dir_ctlumal intensity of solar protons of energy

greater than SO MeV. At the _ time the c_umt_ rate _ the

3oe tu_ z_Ids

Jo " 21o+ 20 (_2 _c)'m

protons of _ greater than 18 MeV. _e cumblmation of

t_se two results _i_s that the _ectram ,.msnot rls_

__ between 30 and 18 NeV and hence _s the

ea_1_er _ remark af Wm Amen a_ I/n _960, _. 3OO,

Imak Inimnslty of the A_ 5-6 event ,.,,as not observed

by Exp_ VII. At 1000 U.T. ca April 5 the cmn_ilrec_

_malty w _m8 o_ E > 30 MeV was 5 (_ _)-Z,

_ thro_ 7 shov sm_mle a_ nan _X_'ex"

before, dur_, and after the proto_ event. Figure _ is a

typical set of observations at no_-sol_r proto_ time, while

E_l_rer VII was over N_rth _nerica. _e first peak in intensity

_s recurded as the satellite cut through the _uter radiation
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zone during the north bound pass to higher latitude, The second

peak was recorded as the satellite returned through the outer

radiation zcae during the south bound pass. Figure _ was

recorded during the period 23_7 U.T. on April 27, 1960 to

0006 U.T. on the following day, about 90 minutes before the

flare of im_ee 3 was observed at 0130 U.T. on April 28

_'_tl. Bur. S:;andards, U.S., 19_. The location of the flare

was S05_4. The satellite data show a slight increase

" 19.o_+z.o c nts/sec)at the hlshestlatitudeat

0323 U.T. _he time dependence of the solar proton intensity of

this event is shown in Figure I0. The detection time by

Explorer VII of solar protons beginning to arrive in the vicinity

of the earth almost coincided with the onset of polar cap

absorption of greater than I decibel3 recorded at Thule,

Greenland _inbach, 19_. _here were no further satellite

data until 1920 U.T. which gave the maximum intensity detected

by Erplorer VII for this event. S_ following passes show a

decreasing intensity. Hence, it is clear that the peak of the

event _s not observed. _he proton unnidirectiomal intensity

with E > 30 MeV at 1920 U.T, was 26 (cm2 sec)"I. The intensity

decreased monotonically with time to an omnidlrectiomal

intensity of 7 (cm2 sec)"I at 0300 U.T. on April 29.

Figure 5 was recorded during 2323 to 23_2 U,T. on April 28.

This pazs sh_s the solar protons detected by the 112 tube.

23
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The time scales are chosen such that if Figures 4 and 5 are

superimposed the positions of the satellite are about the same

at all points; e.g., the position of the satellite at 2350 U.T.

on April 27 is about the same as that at 2327 U.T. on April 28,

and at 2355 U.T. on April 27 about the same as that at

2332 U.T. on April 28. Figures 4, 5, 6, and 7 are plotted in

the same way, e.g., the position of the satellite at 2350 U.T.

on April 27 is about the same as that at 2240 U.T. on April 30,

1960 (Figure 7). The increase of intensity recorded by the

112 tube in the higher latitude part (between the two peaks) is

clearly seen by comparison of Figure 5 with Figure 4, and the

latitude dependence of the intensity is shown well in Figure 5.

This event was also registered by the Soviet group with balloon

equipment C_-_arakhch'yan, Tulinov, and Charakhch'yan, 196_.

Comparing Figures 4 and 5, one finds that there was a marked

decrease in intensity of the outer zone during that period

_rbush, Pizzella, and Venkatesan, 196_. Such a low intensity

in the outer zone enhances the opportunity to study the latitude

dependence of the solar cosmic ray intensity. In many cases,

the intensity in the outer radiation zone under magnetically

disturbed conditions is much lower than that shown in the first

peak in Figure 5. The latitude dependence of the arrival of

solar cosmic rays is discussed in Part II of this paper. The

intensity of solar cosmic rays (non-latitude dependent part)
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observed during the period 1854 to 1859 U.T. on April 29 was

5 (cm2 sec) "l (Figures lO and 18). The ratio of the solar proton

intensity with E > 18 MeV to that with E _ 30 MeV is estimated to

be about 1.4 during late April 28 and early April 29. The increased

intensity during late April 29 and early April 30 was presumably due

to flares beginning at O107 U.T. and ending at 0230 U.T. at

N12W20, and also beginning at 0612 U.T. and ending at 0822 U.T.

on April 29 at NISW20, observed at Lockheed and Capri S

respectively. Type 4 radio noise was observed at 0346-07_ U.T.

on April 29. The solar proton intensity increase of Apri_ 29
P

followed several hours after the flare. The unusually long

delay time may well be explained by the following _ayshi,

1962: Solar protons ejected from the flare of April 29 were

stopped and trapped by the magnetic plasma cloud near the mid-

point of the sun-earth line, which had been produced by the flare

of April 28. However, some particles, presumably of higher

energy, leaked out through the magnetic plasma cloud, and this

leakage may account for a slow rise in flux until the arrival of

the cloud which is observed at the time of SSC early April 30.

The data recorded from 2259 to about 2318 U.T. on April 29

is shown in Figure 6. Comparing with Figures 4 and 5 we see

that the intensity in the outer zone increased relative to that

shown in Figure 5 while the latitude dependent part of the solar

cosmic ray intensity was partly observed by trapped particles

in the outer zone. Therefore, those data were not shown in

Figure 18, but the value of N_p at the highest latitude was
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the pass fram 2235 U.T. to _55 U.T. on A_rll 30 shown in

FAg=re 7, no salar _ were _ emd the Inte=slty in the

outer zone had decrease_ marb_ly. A __of the obs_,_Ic_al

results ass_.iated with the solar flarm _af April 28 follovs:

(a) A ZAare or _e 3, l_cateaat S05E_, was o_served

s_ E_'_/i _ at @out 0130 U.T. and ending at about

O1_5 U.T. _ April 28. Solar fAare produced _artlcles c_atlnued

to arrive in the vicinity of the earth for more than 22 hours

afte_ optical evidence of the solar fl_re had ceased.

with elapsed tiT_e t a_*ter the optical onset of the flare as

t"3 _ for the interval 8 _ t < 22 ho_rs. _he _esk inte_ty

vas not observed and there is, cf course, no foundation f_

existing the above empirical rel_ti_ship to times t less

8 hours.

(c) The time hls+_ry of _l_t_tu_i_1_ende_ c(Erecte8

r_te, _, at high latitudes is p!o_ in Figure iO. D_ta

points from Interleaved passes over North Amer_ and

are _ell represented by a single cux-_m, thus exhlbitlmg

indepe.ndence of loc_l tlme.

(d) A Furbush type decrease of _lactic cosmic r_y intensity

of _bout 13% _ms ob_arved by the satellite at around 2100 U.T.

_ 30, _ _o_t _% _ _v 1. _o s_cant
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increase was observed by the ground neutron monitor at Deep

River during the solar proton events. However, the neutron

monitor showed that a maximum of about 5% of Forbush decrease

was observed around 2200 U.T. on April 30 after which the

intensity recovered gradually during the following day. The

Russian group reported that the integral energy spectrum of solar

protons on April 28 was E"5"5 for 220 MeV _ E < 300 MeV. The

slope is less steep in the range of 175 MeV to 220 MeV

C_arakhch'yan et al., 1962, page 532, Figure_. Unfortunately,

the exact time of their observation was not shown in their

paper; therefore, it is not possible to use our observations to

extend the energy spectrum down to 30 MeV.

May 4-8:I_0 (Figures i0, 15, 19, 20,

21, and 22).

The May 4, 1960 solar cosmic ray event has been reported

elsewhere _imeira and MeCracken, 1960; Rose, 1960; Santochi,

Manzano, and Roederer, 1960; Maeda, Patel, and Singer, 1961;

Winckler, Masley, and May, 1961; Biswas and Freier, 1961;

Charakhch'yan, Tulinov, and Charakhch'yan, 1961; McCracken,

196_, as observed with balloon equipment and ground neutron and

meson monitors.

A 3+ solar flare, accompanied by radio bursts and intense

type IV radio continuum, was observed at 1015 U.T. on the

western limb of the sun _'_tl. Bur. Standards, U.S., 196_.
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No other flares of an importance greater than i+ were observed

before the 3+ flare of Ray 4, Therefore it is believed that the

3+ solar flare is responsible for the May 4 event. The first

arrival of solar cosmic rays 8ssociated with the flare was observed

at 1029 U.T. by the ground neutron monitors _Cracken, 196_.

If one assumes that the solar protons _ere ejected at the beginning

of the solar flare then the actual flight time of solar protons to

travel from the sun to the earth is about 22 minutes. The recti-

linear flight time for protons of 500 MeV ( . 1.1 BV) and i BeV

( . 1.7 BV) from the sun to the earth are 10.5 minutes and 9.2

minutes, respectively. The effective atmospheric cut off rigidity

for a sea-level neutron monitor is approximately i.i BV _Cracken,

196_. Therefore, the ratio of the actual flight time to the

rectilinear flight time is about 2. The ratio for lower energy

particles observed during April i, 1960 event was also about 2

Allen and Lin, 196_ and the similar result for February 23,

1956 event /s-_e Carmichael, 196_. However, m_uy observational

results indicate that this ratio of 2 should be taken as the lower

limit. The result would immediately imply that the minimum flight

path is about t,_ice that of the distance between the sun and the

earth.

From the study of neutron intensity enhancements observed

by the stations within the polar cap regions of the earth during

the flare effect of May 4, McCracken /_962b_ conclz_ded tY_t the
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Incldence of l_rtlcles on the earth _s highly directional.

Unfortunately, there were no data _ E_1or_ VII duri_ the

a_sotrc_ic phase of the incident solar cosmic rays due to the

absence of a suitable pass.

E_larer VII data first showed an increased _ from

normal cosmic mY intensity at 1516 U.T. _zri_ the followir_

pass at 1700 U.T. the incremental omnidirectional intensity was

shout 16.5 (cm2 sec)"1, 8 times normal cosmic ray inten-ity.

Hawever, the maximum intensity of the outer zone detected by

Explorer VII, during the pass around 1516 U.T. ca May _, was

at L = 2.7, while the L value above which the aemidirectional

intensit_j _s independent of latitude in Jovs L plots during

M_7 4 was _reater than 5 earth radii. _herefare, our mea_nt

Of intemslty at L = 3.5 and _._ at 1516 U.T. and 1700 U°T.,

re_pectivaly, were not on the flat hi_ latitude portion of

counting r_te vs L plots and could not be included properly in

Figure i0. In Figure 10 all the data points were taken from

rthe Xatltude independent portlca of counting rate vs L plots.

Total%_i_ stud c_ r_te measurements were made

-at 6 dep at  pozi ,=3.26) in  ex.zod

7 to 16 hours follo_A_g the cosmic ray flare of May _,

Cmni_Lix_cti_a_ ic_izatica and aountinC _ rates were about

25 percent above _ and the ionizatica ratio per particle

_S 1.2 times that of _ gals_tie cosmic rs_s at the same

29
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altitude. It was Qcncluded _t the _ri_7 l_ticles ;rcduc°

ing the effects measur_ lie, _ the av_e, in the

the higher lati%ude_, say L > 5, l_rubons vlth ene_gles

least down to 18 MeV %_re detected 'by E_plo_er VII. _he

mplo_r nl aam at 18_ u.T._ _ _, _ _o (_ _c)"l

yielded an intensity of solar protons with E > 30 MeV, which

was the maxim_n intensity observed in this event. Na_ever,

this me_cim_m observed intensity is probably considerably

lower than the true peak intensity of thls event since the

subsequent passes show a steady decrease of intensity

(Figure i0). Frc_ 302 tube data, the umnidlrectional intensity

with E > 18 MeV was estima%ed roughly to be 52 (cm2 sec) "I at

1842 U.To _he integral en_Ey spectru_ obtained by C_'yan

et al. _ for the N_V 4 event was E"2"2 -+ 0.2 for

20o < E < 4o0 NeV. Slr_ their measured ener_ 5pectma are

average value, it is not possible to extend the em_ spectrum

down to 30 MeV by using the re_alts ob_!ned by E_lorer VII.

time _ _ _t_sity _ acc_rd_ to t"_'_ for

8 < t < 30 where as _bove t is _sured in hours f_ the o_set

of the flare. This result is close to t"1"35 ubta/ned by the

Soviet group _rald_ch'yan et al., 19_T but is different fr_

t "_ _t_ _ _k_, _, _ _ _3J. it se_

that the decay is a functl_ of energy which cc_c!usio_ _s also
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obtained frcm observations o_ the April i, 1960 event _see

_ebber, _.

The increase of proton intensity shc_n in _ 10 on

May 6 was presumably due to a flatsof class 3 beginning at

•burst of solar cosmic rays de_ by Explorer VII was in

close coincidence with the onset of the P_ _inbach, 19_.

The increase af intensity aa late May 7 cannot be associated

with any flare of im_e greater than 1+, nor was amy

magnetic storm ar Farbush decrease observed during May 7.

Since the protma intensity was already declimlmg mm late _k_y 6

and was !cwer than the intensity observed during late May 7,

it is prest_ned the late May 7 increase might be due to a flare

on the back side of the sun.

A IO% Forbush decrease was observed _ the i_xuud around

zooou.T. on _ 8 but the ExplorerVlirateswere only

sllghtly_ ttanbac_, possi_lybecause. _ a _er-

posA_i_n of the l_,r intensity tail of the solar flare t,_'_icles

the decreased galactic intensity.

_he conclusions from the observati_ of these events are:

(a) _e peak intensity of the May 4 event was not observed

. ._Ath E_lorer VII but the c_midlrectional intensity of protons

with E > 30 MeV at about 18_O U.T. approximately 8 ho_rs

t_e-_ of._e _i_A flare, _as _o (_ _c)"_,
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20 times that of 5_lactic cosmic _. The time de_ of the

t"I._.

(b) _e time _ observat_a ,_ _ _ _t_ ,.,-Ath

the M_r 4 flare was more than 30 hours.

(c) _e intensity_ an _v 6 _ due to the

, ooc_ _ _, 6 but the increasedunt_ the late _ 7 _s

presumeblydue to a f_re oecurr_ an the other side of the sun.

(d) No s_eent Farbu_hdecrease_es ob_zved by

E_!orar VII at _ _ U.T., but c_e was observed on the

. _ _e _re_m_bly due to me_ by so_= flare

_zClcles.

_=1_. _.e_ (n_'es 10, 16, ,_ _).

E_l_n- VII data zecelved ft-aa Wo_m sh_ an In_

i_dnt is not included in _ 10, since at the hi.st la+i _t=3e

by the satelliteduring this tim_, the local _e_ic

cut aft was higher than the Inatr_n_al threshold. It is

_ore that the peek in%ensity of this even'c, w_s not

observed°

All the _sse_ of ExplorerVII t_fere 1330 U.T. on _ 13

did not provide Info_matlon _ high l_titude observations. _he
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flare which is presumed to be responsible for this event was

observed by several observatories at 0522 U.T. and of importance

3+ at the location of N30W64 _tl. Bur. Standards, U.S., 196_.

The onset time of polar cap absorption was recorded at about

0800 U°T. at Thule, Greenland _-_inbach, 196_. At 1512 U.T.

N_ 2 was 305 counts/sec, corresponding to 40 (cm 2 sec) -1 the

omnidirectional intensity of solar protons with E _ 30 MeV,

about 20 times cosmic ray background. The ratio of the proton

intensity with E _ 18 MeV to that with E _ 30 MeV at about

1500 U.T., 1700 U.T. 1840 U.T. on May 13 are about 70 to 39,

70-35, and 56-28 respectively.

The time dependence of Nll2.* is shown in Figure lOo The

decline of the omnidirectional intensity J of solar proton
o

with E > 30 MeV, has the form t"2"8 up to an elapsed time of

at least 30 hours. Values of Nll2.* taken both from the Woomera,

Australia and North American stations lie along the same curve

(Figure lO), implying that the protons are isotropic in direction.

This event was not observed by ground neutron monitors.

Nll2." was back to the normal value of 14.5 counts/sec

sometime before 1600 U.T. on May 15.

F_y 18 and Ma_ 26, 1%O (Figure Ii).

On May 18 after 1200 U.T. an increase of about 40% above

the normal cosmic ray intensity was observed by Explorer VII.

About the same amount of increase was observed around 1200 U.T,

on May 26. During May 17 and 18, there were no solar flares
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tm_o_mce greater than 1+. __, the increase _y 1_

due %0 _ flares _ lm_mC_nce not _ter than 1 + ez to

flares o_ the back side of the sun, DAring May 26there %ms

_leme of _mportan_e 2 + beginning at about 0830 and ending

about i000 U.T. _his _ rmy be responsible far this small

solar _oton event, and res/x_slble far the subsequent Fo_bush

decrem_ ob-,_v_ ,_ the _ duri_ late N_V28 to JUne1

with =_set time at about the s_me time as the storm sudden

comencement reported at 2019 U.T. an Mny 28.

This event, although of law intensity Was very interesting.

On June I, _ flare of i_orta_ce 3+ w_s observed at the C_pri S

082_ U.To and endiu_ at _3_0 U.T. at the loe_tio_ _.

_s _ _ pre_=_z_ re_sibze r_ eJec_ so_,_ pro_

a_d solar plasma _usi_ a magnetic storm with storm sudden

c_m_enoement at 1731 U.T. om _ 3; end at the ssme time causing

the F0_bush decrease begim_ at almost the same time, rea_zi:_

max_ depressio_ of about _ to _ percent duri_ late June

an_ ea_ June 6, and _u_i._ x'ecovex".L_to _ as observed

by the neutron r_x_itor at Deep River _tl. Bur. Standards, U.S.,

_lo_er VII data sh_d a slight increase in intensity

to N_2 = 18 counts/sec, at 1021 U.T. On June 1 from a nozmsl
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value at 0839 U.T. on the previous pass. Apparently then the

solar protOns began arriving in the vicinity of the earth

sometime between 0839 U.T. and I021 U.T. There was no

significant polar cap absorption reported; also no significant

intensity increase was observed by ground neutron monitors

during this event. The highest value of Nll2.* during the event

was 51 counts/sec corresponding to a solar proton intensity

of 5 (cm2 sec) -1 at 1205 U.T. This was about 3.5 hours after

the beginning of the flare, and 1°5 hours before the end of the

flare. During the middle of June 2, Nll2.* was 22 counts/sec,

corresponding to a solar proton intensity of about

I (cm2 sec) -1. By ll20 U.T. on June 3, Nll2.* had returned to

its normal value,

The flare-associated solar plasma ejected from the sun

reached the earth and caused the storm sudden commencement and

almost simultaneously caused the Forbush decrease observed by

the neutron monitor. Presumably the plasma cloud also provides

a mechanism for the enhanced solar proton intensity observed on

June 4 by Explorer VII as there were no flares of importance

greater than I+ observed June 3 or 4. During June 5, Nll2.* was

normal while the gro_md neutron monitor showed a Forbush

decrease. The reason that Nil2.* was normal may be that the

slight proton intensity increase was compensated by the Forbush

decrease of galactic cosmic rays. _ Forbush decrease of about



2o _e_ _ _ 6 to _ 9 _ totem _ zo

" w_s oboervedby E_¢_m VII/__ wll as by _ meu_ .

monies°

A_st _, 1960 at 192_ U.T. a f_re of _ 3+

at the locatl_ _'_Twas observed at Envail observatory

L_atl.m,_._m_ards, u.s.,19dy. _e fisreenae_at _ U.T.

Expl_r_r VII made _ one pertinent se% of observations, at _bout

12_oU.T.an Augu_ 12, R_ va_ 29 counts/sec,ccrres_ing to

a solar_rotanintens±tyof z (c=2 _ec)"i. P_m o85oto _ u._.

on August 13 the intensity was 1.3 (cm2 sec)'I; and on the

following day, from 0_0 to I010 U.T,, it was 0.8 (_ sec)"I.

On August 15' at about 1130 U.T., the e_ess intensity was

...._ti_ _ _ 0.8(_m_ sec)'i,n_a o__=e_i_ in

intensity, s slight increasing _f in_usity was observed_ which

can be explained in a similar manner as the JUne I_ case,

since here, too, a magnetic sturm occurred with the onsc_ st

1510 U.T. cn August I_, _t coincident with the _nset _f a

Fm_ush d_ observed by the neutron m_It_ at Deep

_ver _tl. Bur. _m_ards, L_b-_. _t w, Intere,ti_zto note

that the flares observed for June I-_ event and this evem_ both

occurred c_ the eastern part of the solar disk, and in both

cases, _the slight increase of intensity of solar protons



3-9, (Figures13,2Zb m4 ZS).

_ts event is !nterestlng far the remrke_ly _ delay

time tu the arrlvel _ solar protons in the vlcl_t¥ c_ the earth,

lo_ rise tl_e, end also 1_ decay ti_eo

A flare ca" Impurte_ce 3+ be6_nn_ st 00_O U.T. at

mT_ a_ed by Type IV radio emlsslc_ is presumd to bare

been retie fur the e_ss:b_n of the observed particles.

• _e fle_e ended at about 015_ O.T. Two l_sses _a" Explorer VII

4mri_ early September 3, am at 0037 U.T., and the other one

at 0221 U.T., _ no increase in _slty, _ _, no

further da_a at _ latitudes until 23_ U.T, At that time

,E > 30 _V, _m the E_W_ Vll _ta alcm, Um _el_V time,

_ah is the tlme _ntervml _ flare and _ _t_on of

the first arrival _ _ _, was not _$ _, the

delay time can be estimated by 1_ at the unset c_ polar

....._e,a_ ab_ _ be_nni_ !;line-_ POA-was about 0500 U.T.

37
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dele,y eime can be es%_d as ebou_ ..... '

0_55, U.To ana 0337 UoTo _ _ _. _ wss a1_ut

'_o (_? .ec)"z _th e > 30_v. n_ _he ent_'et_

d_pendence o_ the solar proton _ity it is believed _h_

the time at which the solar protons de_ecteble :by Explorer VII

eeti_eYoed as not iess than 20 ho, rs. _e Deep l_ver neutr_

a r_.se _e ce _ less than 5 hours, w1_h a peak tute.=_ty

a% _ 0830 U.T. on _ber 3. 1% is seen that _here-_s

_i. E_l_ VlZ. T_s result _ c_etent v_th the re.it

by the _Inck1_ group _lar, _av_ar, _sley,

M_/', _ and the Goddard Sz:_ce .F'1.t_% Center

_s, _ch_el, _ss, e_a _lvie, 19_.
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_e time decay _ the _t_J, _x_s_.t_' een

eztn_sced as a fl_ttcn a_ tie =_ur_d in hours fran the

If t iS _ _ the tt_ ,at _ the proton :tntens:tt_'
!

reached _ mex!m_, then the decs_ _ be ez_ressed as a

pCWez" lay. _ae obse:ved time durat_ of the solar I_rOt,cus

in the vicinity at' the earth was more than 5 de_s, which _m5

mare than ten times the observed t_ne duratic_ by ground

mm_tm-s °

_e data fr_ E_%c_er VII were received while the

safe.re was over _ _ _ _us_. _ey _r In

local time as well as l_m:tsl_. Nevertheless, all t_e data

were alc_ the same intensity vs time mawe, as shown in

F__. __ _ sol_ t_me,ons fro-th_ ev_t _x_d

no _ _me el_ect, i.e., pz_ vere Is_ic.

result is c_slstex_ _i_ thn_ obtained by W_, Bose, end

_a/son _. _ the _ there _,ere tw_ _ sudden

_s at o_o u.T. and _A_ U.T. ca Se__ _.

_as no s_ _ aC __j or solar i__

ef_er the flrst _C. No data are _le for the l>e_od

_ the _ ._. _N two SS_'s

pre_ly vere ¢m_sed _ solar plMm _ected st the t_t_e

the solar flares 5e61:mlng at 0700 U.T. and 2230 U.T, on

Se_tenber 2. _ese _o solar _lama clouds, whlch wa_
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between the sun and the earth at the time of September 3 solar

flare, might be responsible for the observed long delay time

disc_s_previouS,_ po_ed0utbywincheretai./Y_'_.

Measurements of integral energy spectrum by Davis, Fitchel'

GtLSS, _d Ogilvie s_e Wlnckler, Bhavsar, Masley, and May, 196_

revealed that the spectrum can be expressed _a power law of

E"I*I for _ MeV < E < 210 MeV at 1730 U.T, on September 3.

The proton intensity with E > 135 MeV from the balloon

measure_nts _inckler, Bhavsar, Masley, and May, 196I at

2400 U.T. on September 3 was 2.7 particles/om 2 se¢ ster. At the

same time_ t&e omni_directional intensity with E > 30 MeV

observed by Explorer VII was about 140 ;articles/cm 2 sec

(Figure 13) corresponding to the directional intensity of 15

14o
_) particles/era2 sec ster. Combining the results of

m;iorerVn _ndtE ba!1o_o_rvationsat 2400U._.on

September 3, yields the integral energy spectrum E"I'17 + 0.03

for 30 _ E <. 135 MeV. The results indicate that the energy

spectrmn did n0% change appreciably during 1730 U.T. to

2400 U.T, on September 3. However, for the higher energy range

measured by the balloons, indications are that the spectrum is

much steeper. During this event, solar _-particles were

observed with_ abundance Of 3 to7 percent Of the solar protons

of the same rigidity _swas, Freier, and Steln, 196_.

4O



39

_November 12-28, 1:960 (Figures i_, 26, 27, and also 20).

Three solar protein events were observed in November 1960

by Explorer VII. The extensive studies on these events have

been reported elsewhere, using the data frc_ worldwide ground

neutron and meson monitors _elJes_ Csrmlchael# and McCracJ_en,

1961; Renderer, Manzano, Santochi I Nerurkar, Troncaso, Palmeira,

and Schwachhelm_ 1961; Imckwood and Shea_ 1961; Carmlchaels

StelJes, Ro_e t and Wilson, 1961; McCr_cken, 196e_. _he results

from rocket observaticms On these events were repsrted by the

NASA /-O tlvle, aat, and Davls, 1962; Davls and

ogiz e, zg .

The time history of the event as seen by the _ during

November 12 to November 30 is shown in Figure i_. The pesh

intensity observed by Ezplcrer VII occurred around 2330 UoT. on

November 12. Cumparing the time of the peak intensity observed

by Explorer VII and that of the seccmd peak at about 2000 U.To

on the same day observed by ground neutron monit(_rs _elJes

et el., 19_ we conclude that there is a time difference of about

3.5 hours between them.

_he flare which was responsible for the November 12 event

has been identified to be the flare of importance 3+ at N26WO_,

which started at 1325 U.T. and ended at 1922 U.T. on November 12.

There were two flares, one om November IO and the other on

November ii. _hus the November 12 flare took place and generated

41



I_o u_.



the _TLr_-__I _h_t :in P',i_u_e 1)_ a._, in tJ_ae ordert

_es_ured _ I/e tn _ at l_t very close to the _at_t_le

_0 the _ af the _t_e cut off.

. ._e_. _ 1.5 co_ee W_ L- 3.6.
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by _ Vll _ la_ _ 15 to Sove_ar 20,

were pres_ed to be assce_ _th a flare of_3 +

fieldc<xmecti_tlmes_ tothes_nat'thetim oftheflare.

vlth the p_ _, t_e wall-_dared field is c_

fr_ tb_ _m %o the earth, A__es _h_h ware ob_rved

,_. -,v ' -

is no data _aIXa_le ,f:_: the sa_ early _ _ event.

]b_l.,z,er VII p_ _la'l_ of '_:tis solar p_ event frcm late ....

15, vhlch is sho_ in _ I_. A11 ¢be data by

_tal.cwez VII, tbere_, .are.prestmed to eorresp<md to *s_es

after_es_s1__Iso_¥.



flux at" _£ole. above 20 MeV _ about _0 _

._ _(

-. _"'i_ . ,, _ , •

_,_i_:: _" _ / ...... . _'

this event is faeter than that of t "_ _ the November 12

event. It s_,, tb_ _ _oell..m_ered _ betwee_ the sun

i_itude s_ne 120 ° _ o_ the ceater of 4_besol_r disk
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.- #%.

l_r _eograp_c l_tit_es north ct al_t 1)8o N at

_" :o_t -___/_.
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Part l_

ENTRZ C_ NON_REL_T_HC SOXAR

PROTONS X_TO THE GES_AGHE_IC FIELD

i. lutroducti_.

_axti_g in 1904, St0mmer and his students a_ed the

proble_ af the motion of a charged particle in a dipole magnetic

field Cstormer, 195_, and studied in detail the allowed and for-

bidden regions for entry. Campton _B_ pointed out that

contours af constant intensity af co_nic rays correlated

better _rlth ge_netlc latitudes, derived _ the dipole

appr_imation of the earth's magnetic field, than with geo-

graphic. However, f_ an ext_uslve _tIJdy _ the s_atlal

distributiau of cosmic ray intensities, Simpson3 Fentan, Katzman s

and hose _95_ concluded that the get--tic coardi_te

syste_ dOes not invariably provide the observed spatial dis-

tribution of cosmic ray intensities. Rothwell and Quenby

_9_ demonstrated the existence of a close correlation bet_en

an_es in cosmic ray intensity and those of the local

magnetic field. Thereafter, Quenby and Webber _9_ coc_uted

m_ericolly the vertical cut off rigidities using a sixth

excellent a_r_ between the observed cosmic ray eoue,tcc-

and the contour of the maximum cut off rigidities.



2. Se!ection of a Coc_dlnate Syst_n

To study the latitude dependence of solar proton intensityt

it is necessary to o_ze the data thr_ a proper choice of a

parameter to represent the latitude. In the light of the dis-

cussio_ in the previous section, _ first adopted Quenby and

Webber's cut off rigidities as the suitable parameter. Solar

proton intensities observed _ Explorer VII s dur_ May and

_er, 1960, were plotted as a function of this parameter.

This leads us to the following conclusion: The observed solar
valued

proton intensity is not a sln61e/functlon of Q_.uby and

Webber'o cut off rigidities; in fact, the intensity is seen

to va_j r_pidly along a co,tour of constant rigidity.

Since the solar protons arrive at high latitudes,

probably guided by the lines of force, it appeared _e

to _l:lore the use of a parameter such as L of McIlwain

_9_, which characterizes the magnetic shell and is approxi-

mately constant al_ a line of force. The cmnldirectionsl

solar protaa intensity Jo is plotted as a function of ti_e

but is actually a function of spatial position in Figure 15

s_d Figure 16, for two passes. _ese correspond to the

periods 1836 U.T. to 1849 U.T. on _Y _ and 1506 U.T. to

1518 U.T. on May 13_ 1960. The figures also co_tained the
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l_eter L as a function of time. L was e_nputed for cfle

minute intervals using the I_ 7070 c_uter of this University.

Fram F_ 15 and Figure 16, we transform Jo as a function of

n and these_ _ in (b)_ _ 19 and (a)or Z_re 23.

In a similar manner, Jovs L plots were derived for all the

major solar proton events observed durir_ 1960, and these are

shown in Figure 17 through Figure 27.

The most valuable data for checking the adequacy of L as

the _ter for the study of the s_Rtlal distribution of

solar _Jroton intensities are those of (e) uf Figure 17, (c) and

(d)of rAce-re18, (_)of _ 19, (c)of zigurezz, and

(a), (c), and (e) of Figure 23. In all these cases, the data

covered a _rlde _e of longitude and latitude and in additlo_

co_tained both n_rth bound and south bound passes which are

indicat_ by _ and $ respectively in the figures. It is

seen fran the figures that five out of the total eight

Jo Vs L plots shoW exactly or almost exactly the ssme intensity

at the same L of nc_ bound and south bound passes. The

differences in_ L of north bound and south bound passes are not

greater than 0,2 earth radii. _thcu_h the Jovs L plots do

not coincide, nevertheless, the slopes for the L dependent

part are almost equal.

_he suitability of using L as a parameter for the study

of the spatial distribution of the solar protons is further co_-
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firmed in Figure 19. Althc_h each individual pass occurred at

different Io_itudes, even more, at different hemi_heres,

nevertheless they show that the L dependent part of the intensity

remain fairly constant d_ing the geuma_tic quiet period of

late I_ _, 19_0. All the Jovs L plots frun Northern Hemi-

sphere and Southern Hemisphere fall very close to each other

along _ c_an line. The above observational results lead us

to conclude that the L psrameter indeed affords a reasonable

means of organizing the data for the study of spatial distribu-

tla_s of solar protons at high latitudes.

It is seen that in most of the cases, the omnidirectional

solar i_roton intensity for the latitude dependent part can be

axpre_ed as _ Ls (S > 0). The value of s is fairly constant

for one ev_ut, although no particular s_ificance c_u be

attached to the exponent at present. The value Of s is

20 _+2 on A_rll 1, 10 + 1.5 on Aprll eS-zg, 8J + 1.0 on

May 4-6, and 19 + 2 on November 12, 1960.

3- l_=surements of _ and Correlations
...... T

ram,

It is seen in Figure 17 throughFigu_ 57 t_at _e so_r

proton intensity increases with increasiz_ L up to certain

value of L which is deflned as _3in' then the intensity r_mains

constant for L > _In" Since in the major solar proton
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events observed during 1960 (except in April l event), the energy

ran5_ af solar protc_s indeed extended below 30 MeV (as was

discussed in Part I), we interpret the observed Jo vs L i,lots

as foll_s: (I) The regi(m of L < Lmin is farbidden for the

entry of solar protons with en_ less than 30 MeV. (2) The

region of L > _ is campletely open fQr the entry of solar

protons with energy greater than 30 MeV. (3) The geu_a_netic

cut off energy at _in should be 30 HeY corresponding to the

rigidity of 0.239 BV, which is the threshold of the 112 detector

carried in the satellite. (4) The variati_ of _ is time

varlation; in other words, the variation of _ is caused by

the vari_tic_ of the geodetic cut _ with time.

The _ together with their geo_phlc poslti_s ob-

served during 1960 are tabulated in Table III. The table shows

that L_in varies from 3.52 to 5.30 corresponding to the invariant

latitude, 57.8 degrees to 6_.3 degrees respectively3 where the

invari_ut latitude k is defined by A = arc cos L"I/2. The

differences in the k between the maximum and minimum Lmin are

6.5 degrees. _le error in_i n due to Uncertainty in reading

from Jo vs L plots is estimated to be less than O_ earth

radii 3 hence the difference of 1.78 between the observed

max_mzn and minimum value of _in cannot be due to this error.

It is _zortlnThileto menti_1 that Dhavsar _ estimated
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TABLE Ill

MEASUREMENTS OF Lml n DURING 1960 WITH EXPLORER VII

Time Duration

of Satellite
Pass (U. T.)

•_ H

April 28 (1912-1921_

(2o59-21o7)
(2144-2152)

(2326-2339)

April 29 (0109-0122)
(1854-1859)
(2035-2044)
(2123-2130)

April 30 (0049-0057)

May 4
May 5

May6

May 7

(2O25-2032)
(1817-1823)
(2OOO-2OO7)
(1839-1845)i
(2021-2o3o>
(1729-1738)

(1916-1921)i
(2000-2004)_

(21oo-2104)
(2143-2152)

May 13 (1506-1518)

(1652-17Ol)
(1839-1843)

Sept. 4 (0334-0338)

(2254-23o2)
(2345-2349)I

Sept. 5 (o126-0129)_
(O225-O234)i

(O310-O315)i

Sept. 6 (0248-0252) _
Nov. 22 (0017-O023)

Time at Lmi _

(U.T.)

h915: oo
2104:O0

2146:20

2329:O0

2337: 3o
Olll: 30

1857:55
2042:30

2124: OO

2128:30

0050:20
0055:45

2027: 30

1821:35

2005:40
1841: OO

2024:00

1736: oo
1918:15

2002: lO

21Ol: 32
2146 : O0

2148:50
1510:O0
1514:I0

1658:10

1841: OO

0337: OO
2256: oo
2346:30

o127:55
0232:15

O312: O0

0249:20
0021:20

Geographical Position of the

Satellite at Lmi n

Long.(deg)

+129.7

+141.7
-81.4

-99.8

-55.7
-118.8
+159.2

+151.2
-76.7

-52.9
-107.3
-79.5

+128.4

+147.5
+136.2

-76.1

-92.6

+153.5
+133.4

-84.7

+i17.1

-95.7
-80.5

+127.6

+147.6
+135.8

+llT. 9

-94.2
+130.3
-66.5

-91.2
+142.7

-102.4

-97.1
+121.2

Lat.(deg)

-44.8
-5O.4
+47. O

+48.7

+47.5

+49.7

-5o.4
-49.7

+48.0
+50.5
+50.5
+47.2

-49.7

-5o.3
-48.7

+46.8
+48.9

-50.0
-49.3

+49.9

-47.4

+50.5
+48.6

-48.3
-5O.3
-49.6

-48.3

+50.0
-45.8
+44.4

+44.9

-44.7

+48.8
+49.5

-47.9

Alt.(Kml

968.5
851.4
695.5

716.7

854.1

736.2
893.3

838.9
69_.5
764.9
753.6
841.3

916.8

952.1

9O9.2
608.5

626.8

%6.7
951.9
632.1

922.8

663.5

702.4

1082.9

1056.7

1031.O

lO13.5
563.1
1078.8
578.8

578.4

1061. O

566.5
567.1

715.1

Lmin

Earth

Radii

3.82
5.05
4.26

4.10

4.05
3.52

4.36
4.47
4.56
4.60

4.24

4.40
5.30
4.90
4.72

4.20

4.40
4.50
5.05
4.95

4.60

4.70

4.70

4.89

5.00
5.14

4.95

4.61

4.12
3.65

3.55
3.65

3.95

4.32
4.62
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from the neutrom and gsmma-ray-producti_ by proIxms In the

a_no_here that the protons with energy greater than 40 MeV

are all_,_d to arrive at Minneapolis (L = 3 ._6) d_ the

main phase of a magnetic storm, that is 40 MeV protcas can go

down to at least L = 3.26. Bhavsar's results indeed support _

our result that 30 MeV protons can reach down to at least

L = 3.53 under certain conditions.

Since the variation of _ is believed to be the varia-

titres in L at which the geomagnetic cut off energy is 30 MeV_

it should be possible to find the quantitative dependence of

_n on zu_e parameters which can describe the degree of

geomagnetic disturbances. The dependence of _In on % Ind_

is sh_m in Figure 28 and that c_ U and H are shown in

Figure 29 and Figure 30, respectively, where U is the Kertz

parameter _95_ which gives a measure of the e_uaturial

ring current and H is the hourly mean af horizontal c_ponemt

c_ the geczmgnetic field (at Tucson). It is seem that there

are reasonable correlations. The cca_relatio_ coefficient for

vs U is °0.88 and that of _vs His ,0.88. These

correlations cam be acce_ted with confidence since the data

covered 25 observational points and vere taken frcm the eight

major solar proton events observed by Explorer VII during 1960.



53

The relation of _ and U can be represented by the equation

= 5._- o.o13_u

and th_.t of _n and H is

B_n = 2._ + o.o15 H.

The base value of the horiz_tal cmmpunent at Tucson is taken

arbitrarily to be 25,750 gammas. It should be mentioned that

Brain does not cc_relate any better with the i_atantaneous

horizontal cc_onent of the gec_tic field observed at

Tucson than with the hourly mean.

. D1scussi_.

The result shown in Figure 29 indicates that

_in = 4.7 - 5.3 at U = 50 gammas. If we continue our discussion

with the equation _ = 5.81 - 0.0134 U then _ = _.11_

at U " 50 gaumms which is the value of U at a relatively

gecmm&-netlc quie@ period. If the value U = O is taken to be

the absolutely quiet period then _m_n = 5.81 (extrapolated).

One can cumpare the measured value of _In by the

satellite and the theoretically calculated geomagnetic cut aff.

Difficulties m_ght arise however# because the theoretically

cumputed cut offs always refer to the vertical cut off at the

ground whereas _ is measured by an _mldirectional detector



at the altitude range 550 _m to ii00 ],_. Now at high I_ the

cut off rigidity is indeed a functlcm of the dlrectlcn of the

incident protcas# but the change in rigid/ty from the vertical

is less than 159 at L = 3.5 _ io_ at L= 5. In addlti<m

the vertical cut (_T alcmg L in the altitude ran&_ of 0 to

1000 km is almost exactly the same _uer and I/n# prlvate

ccmmunicaticm, 196_. Therefore t according to the discussions

abcwe_ the vertical cut uff energy on %he earth's surface at

L = _ should be abaut 30 MeV as observed by the s_,elllte.

In Table IV, the observed _ at U = O, U = 50 68_mms, and

U = 170 G_mas are shown together with %he vertical c%_ off

._Igidities computed by Quenby and Wenk _ uslnE a sixth

urder field.

_he Quenby and Wenk vertical cut off r_4_Idities are

taken fru_ Figure 31p in which the magnetic shell imrsmeter L

was ccc[uted and the vertical cut off rigidities were %a/:en

the table of Quenby and Wenk _9_. Values were taken

for 2.2 degrees interval in latitudes and 5 degrees interval

in l(mGitudes for the region over Australia and that over

North America as indicated in the ssme figure.

According to Table IV the observed cut off rigidity

Rob = o.239BV at L = 5.81rot U = o _ the _e_y oz__e=_

cut off rigidity, R_. = 0.41 to O._ 7 BV at the same L.



55

L = 3.54

L= 5.81

.... , .,, ,, ............... • .....

Rigidity in BV

(I -plo  .rv'n)

0239 (u:17o7)

0.239 (u: 507)

0.239 (u= o )

Rigidity in BV
(Quenby and Wenk)

1.15 to 1.25

0.53 to 0.60

o._I to 0._7

R

~5

~ $.3

,_1o8
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_hls yields the ratio,

-_ ~ 1.8,

Rob

at L = 5.81. It is obvious that there exists a dlsagreement

between the observed cut off and that of Quenby and We.uk. If

we consider U = _0 gammas to be the value af U fGr a quiet

period, then

~ 2.3 at L= 5.1_.

During a magnetically dlstur_ed period of U = 170 gsm.Bss

_e effect on reducimg the gecm_Emetlc cut aff by the

existence of westward ring current encircling the earth has been

discussed by _y _c#5_ using a filament type model ring current

model ring current. If we assume eAmt the observed reduction

of the gec_mgnetic cut off is due to the effect of a ring

current alone then the apprcximate magnetic manent of the

ri_ current can be computed from the formula _IIo_ and

Winckler, 196-_

1 + --

5S
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_ere z_ _ _ are the __c m_.zn_s c_ the rl._

e_l that of the earth reSl_ctively. Acc_l_ to the f_,

it is re_o_-zdu_at MR = 0.8 ME _or the a_solute_tet _-Aoa,

that is to say, there exists a quiet ri_ current with

. o.__. _ u _ 50_ =_ _ _,,_-1.3_ =_ _ _

are required in _rder to explain the observatlmml cut _ffs.

However AkasofU and IAn _ showed that it is unl_/_ly to

be true thct there exists a ring curreut with MR > ME because

Qf the li_itati_ in the particle number density in the model

ring current belt. Recent satellite observati_s (E_plc_er XIX)

sha_ed that the gecma_ic field is c_xfi_ed wlthiu an

a_pr_te sphere with a radius _f about i0 ear_ radii

and Amazeen, _'_. Therefore it is believed that

the observed anomaly in the cut _ff will be well exl_lained

by the c_bined effect of the ring current and the limltatio_

of the _ec_scnetic field _k_sofu, Lin, and Van Allen, 1963,

to be publish_.
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FIGURECAPTIONS

Figure 1. Characteristic curves of apparent vs true counting

rate (counts/sec) of Anton 112 Geiger counter.

Figure 2. Counting rates registered by ll2 and 302 Geiger

counters at the highest available latitudes during

quiescent (non-solar event) times.

Figure 3. Counting rates registered over North America by 302

a_d I12 Geiger counters in Explorer VII on November 18,1959.

Figure 4. Counting rates registered over North America by 302

and ll2 Geiger counters in Explorer VII on April 27-28, 1960.

Figure 5. Counting rates registered over North America by 302

and ll2 Geiger counters in Explorer VII on April 28 (after

the flare on April 28), 1960.

Figure 6. Counting rates registered over North America by 302

and 112 Geiger counters in Explorer VII on April 29, 1960.

Figure 7. Counting rates registered over North America by 302

and ll2 Geiger counters in F_plorer VII on April 30, 1960.

** duringFigure 8. Time history of corrected rate of ll2, Nll2,

January 1-24, 1960.

Figure 9. Time history of corrected rate of 112, N*l_ , during

March 23-April 15, 1960.

Figure lO. Time history of corrected rate of ll2_ N_2 , during

April 25-May 15, 1960 (PCA data, Leinbach, 1960).
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FIGURE CAPTIONS (continued)

Figure ll. Time history of corrected rate of I12, Nll2.* , during

May 17-June 9, 1960.

Figure 12o Time history of corrected rate of ll2, Nll2.* , during

August 2-August 25, 1960.

Figure 13. Time history of corrected rate of i12, Nll2.* , during

August 26-September 18, 1960.

Figure 14. Time history of corrected rate of ll2, N_, during

Noveraber 12-November 30, 1960.

Figure 15. The omnidirectional solar proton intensity observed

over Australia during 1836-1849, May 4, 1960.

Figure 16. The omnidirectional solar proton intensity observed

over Australia during 1506-1518, May 13, 1960.

Figure 17. L dependence of the omnidirectional solar proton

intensity observed during late April 28 to early

A1_ril 29, 1960.

Figure 18. L dependence of the omnidirectional solar proton

intensity observed during late April 29 to early

April 30, 1960.

Figure 19. L dependence of the omnidirectional solar proton

intensity observed on May 4, 1960.

Figure 20. L dependence of the omnidirectional solar proton

intensity observed on May 5, M_.7 6, and November 22, 1960.
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FIGURE CAPTIONS (continued)

Figure 21. L dependence of the omnidirectional solar proton

intensity observed during 1500 U.T.-1930 U.To,

May 7, 1960.

Figure 22. L dependence of the omnidirectional solar proton

intensity observed during 2000 U.T.-2200 U,T.,

7, z96o.

Figure 23. L dependence of the omnidirectional solar proton

intensity observed on May 13, 1960.

Figure 24. L dependence of the omnidirectional solar proton

intensity observed on September 3 and September 4, 1960.

Figure 25. L dependence of the omnidirectional solar proton

intensity observed on September 5 and September 6, 1960.

Figure 26. L dependence of the omnidirectional solar proton

intensity observed on November 12, 13, and 14, 1960.

Figure 27. L dependence of the omnidirectional solar proton

intensity observed on November 15, 16, and 17, 1960;

also on April l, 1960.

Figure 28. Dependence of Lmi n on Kp.

Figure 29. Dependence of Lmi n on U.

Figure 30. Dependence of Lmin on H.

Figure 31. Relation between R, Quenby and Wenk's cut off

rigidity and L of McIlwain.
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